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Abstract. IR light absorption oscillations in 2D macroporous silicon with CdTe, ZnO and
CdS surface nanocrystals, microporous and SiO, layers were compared taking into account
the electro-optical Wannier—Stark effect. We proposed a high-coherent optical quantum
computer based on ZnO nanoparticles on macroporous silicon surface with the broadening
parameter of the Wannier—Stark steps of 10~ and the IR oscillation coherence of 0.25—
0.4% at room temperature. This value is much less than the coherence of cold atoms (5%)
and diamond crystal with the nitrogen impurity (10-17%). A logical qubit of this quantum
computer is the presence/absence of the infinite resonance scattering of oscillated electron
by the Wannier levels in the electric field at the silicon matrix — nanocoating boundary. The
scattering amplitudes are controlled and measured at room temperature by using the
resonant maxima of IR absorption.
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1. Introduction

2D macroporous silicon is a promising material for
silicon photonics and nanoelectronics, since it provides
preparation of structures with the required geometry and
large effective surface. It is related with electro-optical
effects in macroporous silicon: (1) the Franz—Keldysh
electro-optical effect [1] in the direct band-to-band
optical range, (2) the linear impurity Franz—Keldysh
effect [2] for the weak electric field approximation, and
(3) the Wannier-Stark electro-optical effect in the mid-
infrared range (MIR) at the strong electric field
approximation [3].

2D macroporous silicon structures show the Franz—
Keldysh oscillations caused by the intrinsic electric field
on the macropore surface with 1.7-nm depth [1]. In view
of the potential barrier on the macropore surface, one
should take into account recharging of the local surface
centers at the energies below that of the indirect band-to-
band transition. The experimental MIR absorption
spectra of macroporous silicon agree well with the
corresponding spectral dependences of the electro-optical
energy and the imaginary part of permittivity in the weak
electric field approximation thus confirming realization

of the impurity Franz—Keldysh effect [2]. In addition, we
investigated the MIR light absorption oscillations in 2D
macroporous silicon with surface nanocrystals and SiO,
layers, taking into account the electro-optical effects at
strong electric fields. The resonant electron scattering by
surface bonds and realization of the Wannier—Stark effect
were confirmed [3, 4]. In this case, the Wannier—Stark
effect is related with the large-time electron scattering as
compared with the period of absorption oscillations in the
strong electric field of the illuminated “silicon —
nanocoating” boundary.

In this paper, we have compared the MIR light
absorption oscillations in 2D macroporous silicon with
CdTe, ZnO and CdS surface nanocrystals, microporous
and SiO, layers with account of the electro-optical
Wannier—Stark effect. We have analyzed the shift and
deviations of oscillation peaks; the broadening
parameter T of the Wannier—Stark steps; the influence
of “quantum superiority” on coherence of the Wannier
levels. In addition, we have proposed the high-coherent
optical quantum computer based on a silicon matrix
with macropores and a layer of nanocrystals on the
surface of macropores for implementation of the
Wannier—Stark quantum electro-optical effect.

© 2020, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

316



SPQEO, 2020. V. 23, No 3. P. 316-322.

2. Procedure

The samples to be studied were made of silicon wafers
with  the thickness H =520 um, resistivity of
4.5 Ohm-cm, characterized by the [100] orientation and
n-type of conductivity (the electron concentration
np=10"cm?®. We used the technique of
electrochemical etching under backside illumination of
the silicon substrate [5]. Macropores were etched in the
form of a square lattice of parallel air cylinders with the
diameter D,=2+0.2pum, period 4pum, depth
hp=50...100 um and concentration N, = 6.25-10° cm™®
(Fig. 1a). The initial specimens are complex micropore-
macropore silicon structures consisting of 100-nm
micropore layers on macropore walls. Additional
anisotropy etching in 10% solution of KOH permits to
remove microporous layers from the macropore surface.

CdTe nanocrystals of 20 nm in size were deposited
on macroporous silicon substrates (Fig. 1b) by modified
installation of metal dispersion using the “hot wall”
molecular epitaxy [6]. The undoped CdTe crystal
sputtered at the substrate temperature 475 K and source
temperature 650 K served as a material for evaporation.
The thickness of films (200 nm) was set by time of
structure staying above the evaporation source [7].

Methods for synthesizing ZnO nanoparticles in
isopropanol and from solution of zinc compound of
Zn(CH3COQO), in ethanol were developed in [8]. The
average sizes 4+0.4nm of ZnO nanoparticles were
determined being based on the absorption spectra and
atomic force microscopy.

The method of synthesis in aqueous and ethanol
solutions of polyethyleneimine of ultra-small cadmium
sulfide nanoparticles was developed for the conditions of
full saturation of the Cd cations with amino groups [9].
The average sizes of CdS nanocrystals (1.8...2 nm) were
determined using atomic force microscopy. X-ray
diffraction spectra of CdS nanocrystals in poly-
ethyleneimine confirmed the crystalline structure of
nanoparticles.
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ZnO or CdS nanoparticles were deposited onto the
surface of macropores from the colloidal solutions in
polyethyleneimine at the following ratio: nanocrystals
10 + 2%,; polyethyleneimine 18 + 2%; water — the rest.

SiO, nanocoatings were formed in the diffusion
furnace after treatment of macroporous silicon substrates
in the nitrogen atmosphere [10]. The oxide layers
(thickness of 5...50 nm) were formed on macroporous
silicon samples in dry oxygen for 40...60 min at the
temperature close to 1050 °C. Silicon oxide layers 100-
and 200-nm thick were prepared for 50 min at 1100 °C in
wet oxygen atmosphere by using the steam from
deionized water. The oxide thickness was measured
using ellipsometry.

We performed optical investigations within the
spectral range 300...7800 cm™ by using the IR Fourier
spectrometer “Perkin Elmer” (Spectrum BXII). The
optical absorption spectra were measured at normal
incidence of IR radiation on the sample (along the
cylindrical macropores, Fig. 1a, insertion) in the air at
room temperature. The error of spectral measurements
was about 2 cm .

3. Experimental

IR spectra. For macroporous silicon structures with
nanocoatings and microporous silicon layers the light
absorption increases, and an oscillating structure with
giant amplitudes occurs (Fig. 2a).

Fig. 2a shows the experimental dependences of the
IR absorption in macroporous silicon structures with the
SiO, layer 50-nm thick (1) and microporous layer
100-nm thick (2). Fig.2b shows the experimental
dependences of the IR absorption in macroporous silicon
structures with surface nanocrystals CdTe (1), ZnO (2),
Cds (3) within the spectral range 500...1500 cm .

Fig. 2c shows the experimental dependences of the
IR absorption in the macroporous silicon structures with
surface ZnO nanocrystals: curve 1 — within the spectral
range 500...1500 cm*; curve 2 — the same spectrum of
IR absorption but moved by 2 periods.

N
Hm

b)

Fig. 1. a) Macroporous silicon structures with the macropore diameter D, = 2 um and period 4 um. Insertion: normal incidence of
IR radiation on a sample (along the pores). b) Fragment of macroporous silicon structure with CdTe nanocrystals.
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Fig. 2. Experimental dependences of the IR absorption in
macroporous silicon structures with (a) the SiO, layer 50-nm
thick (1) and microporous layer 100-nm thick (2) within the
spectral range 500...1500 cmY; (b) surface nanocrystals CdTe
(1), ZnO (2), CdS (3); (c) surface ZnO nanocrystals: 1 — within
the spectral range 500...1500 cm ™, 2 — the same spectrum of
IR absorption but moved by 2 periods.

The low coherence of oscillations is inherent to
macroporous silicon with SiO, nanocoatings (Fig. 2a,
curve 1) and with the microporous silicon layer (Fig. 2a,
curve 2), which is caused by high concentrations of
surface states [4, 10]. A better oscillation coherence was
obtained for CdTe and ZnO nanocrystals (Fig. 2b, curves
1 and 2). However, for structures of macroporous silicon
with CdTe nanocrystals (Fig. 2b, curve 1) of the size
20 nm, the coherence of oscillations is less of ZnO
nanocrystals with the nanocrystal sizes of 4 +0.4 nm
(Fig. 2b, curve2 and Fig.2c). The structures of
macroporous silicon with CdS nanocrystals of 1.8...2 nm
(Fig. 2b, curve 3) are also significantly inferior to those
of ZnO nanocrystals.

Thus, the coherence of oscillations increases with
the decrease in the concentration of surface states and
with the optimal contact of nanocrystals to the surface of
the macropores due to optimal size of nanocrystals
(4+0.4nm). For ZnO nanoparticles, the distance
between resonant oscillations is 4.4 + 0.28 meV, and the
shift of oscillations by 1 and 2 periods (Fig. 2c) leads to
deviation of the oscillation peaks within the range
0.26...0.42 meV, i.e., the oscillation coherence reaches
0.25-0.4%.

4. Discussion

An effective mechanism for implementation of strong
coherent interactions is the resonant oscillations caused
by the Wannier—Stark quantum electro-optical effect in
IR absorption spectra [3, 11]. The basis for developing
this direction is interaction of the quantum system of
oscillating electrons with the quantum system of Wannier
levels. The Wannier—Stark steps can exist when the
scattering time 15 Of the carriers is sufficiently large to
realize at least one cycle of complete Bloch oscillation of
the field-accelerated carriers (Fig. 3a). In our case, the
electric field is at the boundary of the silicon matrix —
nanocoating, and the vector of electric field lies in the
(100) plane of silicon (Figs 3a, 3b). After illumination,
electrons are accelerated in the electric field of the
enriched electric potential (Fig. 3a), oscillate and are
scattered by surface states in the radial direction x
relatively to the macropore, in the y, z plane (Fig. 3b) that
is the plane of resonant scattering with an infinite
amplitude [11]. The resonant electron scattering results in
the infinite growth of dielectric functions and corres-
ponding changes in IR absorption at room temperature.
The Wannier—Stark steps have a certain width T', so
this width should be less than the energy difference of the
neighboring steps, T < Fa. The Wannier-Stark steps are
not changed, if the electron scattering time by impurities
T is greater than the period of electron oscillations in the
electric field Tg (t/Tg>1, where Tg=2nh/AE). In
addition, t is proportional to 1/W (W- probability for
electron to leave the state per time unit due to scattering
by impurity atoms at the lattice nodes). The electron
scattering time in macroporous silicon structures is
relatively large due to the low concentration of surface
impurities at the surface of macropores (N; < 5-10'° cm )
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Fig. 3a. Scheme of potential well and band bending at the
surface of macropores between silicon c-Si matrix with the
Fermi level Er and layer of nc-ZnO nanocrystals (circles —
electrons, strokes — impurity states).

Fig. 3b. A fragment of the macroporous silicon structure with
the nanocoating system considered. The potential of impurities
in the electric field of a deep well (Fig.3a) between the
macropore surface and the nanocoating is sufficient.

[3, 10]. Therefore, the inequality t/Tg>1 is satisfied
within the entire region of the measured IR spectra. The
structures of macroporous silicon have the density of
scattering centers on the surface of macropores
approximately 10™...10" cm 2. The difference between
these two resonant energies is 8...20 cm™, depending on
the material of nanocoatings.

Controllability and coherence of the system are
defined by formation of coherent Wannier levels in a
narrow triangular potential well formed by an electric
field at the silicon — nanocoating boundary (Fig. 3a). The
presence/absence of resonance scattering of oscillating
electron in the electric field with the potential of impurity
surface states with quantum Wannier levels is controlled
and measured at room temperature by the resonant
maxima of the IR absorption. The resonant maxima are
stored for 20 s after switching off the illumination. This
is 200 times longer than that of macroporous silicon
structures without nanocoatings [12].

Electron-phonon interaction. We investigated the
contribution of the electron-phonon interaction to the
broadening parameter I' of the Wannier—Stark steps in

oxidized macroporous silicon structures [13]. The effect
of broadening on the amplitude of oscillations in IR
absorption spectra (AA) is calculated in the form of
convolution of the “non-broadened” oscillation
amplitudes (AAq) with the Lorentz distribution:

AA’AAO{J((D_d—wz

. )2| . =arctan(Ao/T)/x.
of +

M)

In Eq. (1), we used Aw=w —m as the energy of the
Wannier—Stark step Fa.

For experimental data on IR absorption by
macroporous silicon structures with the oxide thickness
between 10 and 200 nm in the spectral region of Si-O
surface states, AAy/AA 3...20 (Fig. 4), which is
confirmed by low values TI'/Fa<<1, where I'=
0.3...0.8cm™ equals to that for surface phonon-
polaritons measured in thin films of [I-VI
semiconductors [14]. The obtained parameter I" of the
Wannier—Stark step is much less than the adjacent energy
level due to the giant amplitude of oscillations after
resonant electron scattering by the surface states with the
infinite amplitude of scattering.

Quantum superiority. To achieve a high degree of
coherence for the quantum system at room temperature,
it is necessary to achieve “quantum superiority” due to
the hundreds of coupled acts of the electron scattering
operating steadily and with a small number of errors,
high accuracy and speed of measurements.

On the other hand, the potential of impurities in the
electric field of a deep well (Fig.3a) between the
macropore surface and the nanocoating is sufficient.
Thus, the influence of “quantum superiority” on the
coherence is significant to form the Wannier levels.
Moreover, oscillating motion of electron together with its
spin enhances the circulating flow of energy in the field
of its wave. Resonant scattering rotates the electron flow
by 90° and converts the superposition of states inherent
to the microscopic system into the superposition of states
of the macroscopic system. This mechanism includes
also interaction of the macropore quantum system with
other macropores, which causes confusing quantum
correlation and forms the superposition of states in the
macroscopic system. Effective formation of quantum
states and the strengthening of quantum systems on the
surface of periodically located macropores result in
the low value of the broadening parameter I' (107 of
Wannier—Stark step width), and the oscillation coherence
reaches 0.25-0.4%.

The obtained results are promising for developing
the optical quantum computer [15-17]. Such a quantum
computer is a computing device that uses the phenomena
of quantum mechanics (quantum superpasition, quantum
entanglement) to transmit and process data. The quantum
computer operates not with bits possessing the values
of either 0 or 1, but with qubits having values of both 0
and 1. As a result, it is possible to process all the possible
states simultaneously and to obtain a huge advantage
over other computers in a number of algorithms [16].
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Fig. 4. Results of calculation (curve) of the AA(/AA dependence
on I'/Fa by using Eq. (1). The symbols are experimental data on
IR absorption by macroporous silicon structures with the oxide
thickness from 10 to 200 nm in the spectral region of Si—O-Si
surface states.

The logical qubit in our case is the presence/absence of
the resonant scattering of oscillating electrons by
Wannier levels in the electric field at the boundary of the
silicon matrix — nanocoating. This qubit corresponds to
electrons in the quantum state of |0) and |1) in the plane
of the infinite resonance scattering controlled by IR
illumination and the resonant maximum of IR absorption.
The number of oscillations in one IR spectrum is more
than 100, thus, we have a multi-qubit system.

Interaction of qubits in arrays of individually
controlled, cold neutral Ba™ atoms [18] is propagation of
internal atomic coherence to and from the direction of
centers of mass motion for all ions. In this system, the
total time of measurement is 35s, which is much less
than decoherence due to spontaneous emission (45 s), so
the decoherence time is 6 s with an error of 5%. A two-
qubit quantum computer based on a diamond crystal with
impurities [19] includes two logical qubits of the electron
spin and the nitrogen cores with the coherence 10-17%
at room temperature. As a result, the broadening
parameter 10~ of the Wannier—Stark step width, the
coherence of oscillations 0.25-0.4% at room temperature
is much less than the coherence of cold atoms (5%) and a
diamond crystal with the nitrogen impurity (10-17%) at
room temperature.

The presence/absence of resonant scattering of
oscillating electron in an electric field at the potential of
an impurity surface state with the quantum Wannier
levels is controlled at room temperature by the resonant
maxima of the IR absorption, which is 200 times longer
than that of macroporous silicon structures without
nanocoatings [12]. Thus, we proposed the high-coherent
optical quantum computer based on a macroporous
silicon structure with the surface layer of nanocrystals for
implementation of the Wannier—Stark quantum electro-
optical effect [20].

5. Conclusions

MIR light absorption oscillations in 2D macroporous
silicon with CdTe, ZnO, CdS surface nanocrystals,
microporous and SiO, layers were compared, taking into
account the electro-optical effects in strong electric
fields. CdTe nanocrystals (20 nm in size) were deposited
on macroporous silicon substrates using the “hot wall”
molecular epitaxy. The methods of synthesis of ZnO
nanoparticles (3.7...4.4 nm in size) in isopropanol and
from solution of zinc compound Zn(CH3;COO), in
ethanol have been developed. Ultra-small CdS
nanoparticles (1.8...2 nm in size) were prepared under
conditions of full saturation of the Cd cations with amino
groups in aqueous and ethanol solutions of poly-
ethyleneimine. SiO, nanocoatings (with the thickness
5...280 nm) were obtained in the diffusion furnace after
treatment of macroporous silicon substrates in the
nitrogen atmosphere.

The coherence of IR spectra oscillations increases
with the decrease of concentration of surface states and
with the optimal contact of nanocrystals to the surface of
macropores. Thus, the shift of oscillations for ZnO
nanoparticles with optimal size of nanocrystals
(3.7...4.4 nm) leads to deviation of the oscillation peaks
within the range 0.26...0.42 meV, i.e., the oscillation
coherence reaches 0.25-0.4%.

The small broadening parameter of the Wannier—
Stark step levels I' = 0.3...0.8 cm* equals to that for
surface phonon-polaritons measured in thin films of
11-V1 semiconductors. The potential of impurities in the
electric field of a deep well between the macropore
surface and the nanocoating is sufficient. Thus, the
influence of “quantum superiority” on coherence is
significant to form the Wannier levels. In addition,
oscillating motion of electron together with its spin
enhances the circulating energy flow in the field of its
wave. Resonant scattering rotates electrons by 90° and
converts superposition of the states inherent to the
microscopic system into superposition of the states
related to the macroscopic system. The gain mechanism
also involves interaction of the quantum macropore
system with other macropores, involving them in a mixed
state. As a result, the broadening parameter 10~ of the
Wannier—Stark step width and the coherence of the
oscillations 0.25-0.4% at room temperature are much
less than the coherence of cold atoms (5%) and a
diamond crystal with the nitrogen impurity (10-17%) at
room temperature. Thus, we propose the high-coherent
optical quantum computer based on a macroporous
silicon structure with the surface layer of nanocrystals for
the implementation of the Wannier—Stark quantum
electro-optical effect.
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BucoxoxorepenTni ocumisinii B ['Y-cnekTpax MakponopucToro KpeMHilo 3 HAHOMOKPUTTSAMH
JI.A. KapayeBuesa, O.0. JIuTBHHEeHKO

AHoTanisg. OgHAM 3 MEePCIIeKTUBHUX MaTepiajiiB sl pO3pOOKH ITBOBUMIPHUX (POTOHHUX CTPYKTYP € MaKpOHOPHUCTHIT
KpPEMHIH, OTpUMaHHI 3a TOTIOMOT00 (POTOAHOAHOTO TpaBiieHHs. HasBHICTD MepioANYHO PO3TAMIOBAHNX HMTIHAPUIHAX
0P, PO3AUICHUX KPEMHIEBUMH KOJOHAMH, 3a0e31euye BeNNKy e(h)eKTUBHY ITOBEPXHIO CTPYKTYP, IIOKPAIIYE ONTHYHI Ta
¢doTodiznuHI XapaKTEpPUCTHKH MAKpPOIIOPUCTOTO KpeMHio. Y naHii poboti mocmimkeHo ocmanii [Y-mormmHaHHS
JIBOBUMIPHUMH CTPYKTYpaMH MaKpOIIOPHCTOTO KPEMHIIO 3 MIKPOIIOPUCTUMHU LIapaMH KpeMHito, Si0; HaHOMOKPUTTIMU
ta CdTe, ZnO moBepXHEBMMHU HaHOKPHCTAJaMH 3 ypaxyBaHHAM elieKTpoontuyHoro edekry Banbe—IllTapka. Anani3
EKCIIEPUMEHTAJIbHUX CIEKTPIB MOTJIMHAHHS 3/IHCHEHO B paMKaX MOJENi PE30HaHCHOI'O PO3CIIOBAHHS EIEKTPOHIB 3
HECKIHYEHHOIO aMIUTITYZ0I0 Ha NOBEPXHEBUX CTaHaX Yy CHJIBHOMY €JIEKTPUYHOMY IIOJI, 3 PI3HHULECI0 MiDX JBOMA
PE30HAaHCHUMH €HeprisMH, 1o jaopiBHIOEe cxoauHi Banpe—IllTapka. IMoctidiHicTe mepiogy ocummsuiii Bkasye Ha
peanizauito edexty Banpe—lllTapka Ha JOBUIFHO pO3MOMUIEHHX IIOBEPXHEBUX CTaHaX Ha MeXI «KpPEeMHii—
HaHOMOKPHUTTA». [IpoBeneno mopiBHsHHA [Y mornmHanHA cBitia B 2D CTpyKTypax MaKpOIIOPHUCTOTO KPEMHIIO 3
MOBEPXHEBUMH HAHOIIOKPUTTAMH, IPOAHANI30BAHO 3pYIICHHSA 1 BIAXWICHHS BEPIIMH KoNnBaHb. KorepeHTHICTH
ocumAnii [Y-creKkTpiB MiABUINY€EThCS B PE3yabTaTi 3MEHIICHHS KOHLEHTpAIl IIOBEPXHEBUX CTAHIB Ta ONTHMaIbHOI
IUTOINI KOHTAKTy HAHOKPHCTAJIB A0 MOBEPXHi Makporop. TakuMm YMHOM, 3CyB OCIMJIALIN A HaHOYacTHHOK ZnO 3
ONTUMAIIEHUM po3MipoM HaHOKpHucTadiB (3,7...4.4 HM) IPU3BOAUTH 0 BiAXWICHh KOJMHBaHb ¥ Mexkax 0,26...0,42 meB,
TOOTO y3roKeHicTs KonmBaHb pocsrae 0,25...0,4%. Mamuii mapamerp ymmpeHHsS cxoguHOK Banbe—IllTapka
'=03...0,8cm "’ JopiBHIOE IBOMY TNApaMeTpy Ul [OBEPXHEBHX TOHKHX IUNBOK HamiBnposimmukis 11-VI,
KoHTponbOBaHICTh 1 KOTEPEHTHICTh AOCIIIKEHOI CUCTEMH BH3HAYa€ThCs (POPMYBAHHSIM KOTEPEHTHHX PiBHIB BaHbe y
BY3bKiil TPUKYTHIH NOTEHLIAJIBHIA 5SMi, CPOPMOBAHIM B €JEKTPUUHOMY MOJI HAa TPAHMLI «KPEMHIH—HAaHOIOKPHUTS.
VY pesynbrati Oyja0 3ampONOHOBAHO BHCOKOKOTCPCHTHUI ONTHYHHMI KBAHTOBHU KOMII'FOTEP Ha OCHOBI peasi3allii
KBaHTOBOTO enekTpoonTHyHoro edexry Baupe—IllTapka Ha KpemHieBi Marpuili 3 MakpolopamMH Ta IIapoM
HAHOKPUCTAJIB Ha IIOBEPXHI MaKpOIOP.

Kiro4uoBi cjioBa: MakpOIOPHCTHIH KPEMHIH 3 HAHOMOKPUTTSIMH, HECKIHUCHHE PE30HAHCHE PO3CIIOBaHHS, ONTHYHUI
KBaHTOBUU KOMII IOTEP.
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